Introduction
High-pressure microfluidics broaden the use [2] , or to study micro emulsions [3] .
Supercritical water, as well as hot water, has also been explored [4] . Transparent systems, such as of glass, offer optical access, and a number of applications rely on them [5] [6] [7] .
Yet, the combination of large stresses and water containing fluids is infamous for causing environmentally driven crack growth in glass, leading to delayed fractures [8] [9] [10] . In this paper, the effect of such crack growth in high-pressure microfluidic glass chips is investigated.
High-pressure chemistry requires a large operation window in terms of pressure and temperature. This puts high demands for the materials used, and as the field of interest often is found at the borders of what is currently possible, it is necessary to stretch the limit of the strengths in microsystems.
Anodic bonded glass and silicon based devices have been made that can operate at 250 bar, or 25 MPa, at 400 °C with supercritical water, and 450 bar at room temperature [4] . A few mechanical evaluations have been made on fusion bonded borosilicate glass devices by shortterm pressurization of plugged channel inlet structures to fracture [11] [12] . Using H 2 O at rate of 2000 µL/min, 120 µm wide tubular channels resulted in fracture pressures up to 690 bar [11] . Semicircle-shaped, 580 µm wide and 380 µm deep, channels resulted in lower pressures, in the range of 120 to 260 bar. Tests done with CO 2 resulted in slightly higher pressures, indicating an environmental dependence on fracture strength. In one other study, 600 µm wide semicircle-shaped channels resulted in pressures in the range of 120-320 bar at pressurization rates of 0.3 bar/s [12] .
Slow crack growth in brittle materials, such as glass, can occur even at moderate stress levels if strained crack tips are exposed to reactive species [9] . Commonly, this subcritical growth has been investigated at rates in the range of 10 -10 to 10 -4 m/s [8] .
This environmentally driven effect has rarely been described as a concern in the field of microfluidics, since chips seldom are under high stresses while being in contact with chemical species. However, its contribution to failure in microsystem silicon devices has been noted in reliability studies [13] . Crack growth in silicon devices has been measured down to 10 -13 m/s [14] .
For most applications, a long-term durability at high pressures is required. As only shortterm measurements have been done on fusion-bonded borosilicate glass, and environmentally driven crack growth typically can cause delayed fracture under these conditions, this stresses the need to investigate the effect of long-term pressurization.
In this work, the reliability of fusion-bonded glass devices is investigated by both shortterm and long-term pressurization at different temperatures and pressures. For systems to be useable for a larger set of applications, it must be defined under which conditions these systems can operate under an extensive period of time, and when slow crack growth starts to become a problem.
Background
The fracture toughness can be estimated using the double cantilever beam model [15] . Two bended beams are clamped rigid at one point that defines a crack tip, and are held clamped beyond this point. Using the Griffith energy criterion to calculate an energy release rate G I , the fracture toughness can be derived. To be applicable, the crack tip must be sharp and the point beyond the crack tip must be considered long. For a circular pressurized cavity, with both top and bottom bulging, an expression for the energy release rate, G I , can be made,
given that the crack front is uniform around the cavity [15] [16] ,
P is pressure, r is the radii from the center of the cavity to the crack tip, h is the plate thicknesses, E is the Young's modulus, and ν the Possion's ratio. α s is a sheer coefficient normally set to 1.5 [15] . For borosilicate glass, E typically is 64 GPa and ν is 0.2 [17] .
For the glass chips used in this study, figure   1 , the structures have inlets leading to a central cavity.
(1) relies on a circular geometry and is therefore only approximate descriptive of the situation in this study.
Fracture toughness is often discussed in terms of a stress intensity factor, K I , and for linear elastic materials, G I can be converted to K I , by [15] ,
The stress intensity factor is large at high stress locations and where cracks are present. For a circular cavity, the highest stresses are found at the cavity edges.
Structures formed by single-sided isotropic etching, figure 1(c), will have stress concentrations at the structure border where the wafers meet [12] . From this cross sectional point, a cavity edge curve, C, can be formed along the structure. The bond interface, found between direct bonded wafers, is associated with flaws, and a distribution of flaws with different crack lengths will be present along C. As the locally highest combination of flaw size and stress results in fracture onset, the strength of the device will follow the Weibull distribution and can be described in the following form,
where the probability of fracture, p f , is expressed as a function of the stress along C with σ c (s) as the stress on C at position s [18] [19] . σ 0 and m are characteristic stress and Weibull modulus, respectively.
By experiments, it is found that there is an exponential dependence between crack velocity and stress intensity factor in glass [9] . Because of this, a very small crack can under constant load lead to a delayed fracture given the right timescale. By using chemical reaction rate theory, environmental crack growth can be described [20] . As stress is applied to the crack tip, the strain stretches the silicate bonds of the glass and lowers the activation energy of reaction with a surrounding chemical species. As the species, most often described for water, reacts with the bond, a propagation of the crack occurs. The crack speed can then be related to K I by the reaction rate V according to For a cavity under constant pressure, the time of fracture will ultimately be determined by the time, t, it takes for the crack front to progress,
where r c is the radius of the cavity. By the combined expression of (1), (2) and (5) 
Materials and method

Design
The chips have a circular cavity placed in 
2 Measurements
Measurements 
Fabrication
The glass chips were manufactured in a clean room using lithography, wet etching and thermal bonding. This is followed by stripping the entire used mask and then applying a new mask for the structuring of the outer inlets.
Chip assembly
Visual inspection of the chips was done and those that showed defects, such as particles or black spots in the bond interface, were sorted out of the study. The yield was higher than 95%. In this study, 1 wafer of design 1 The capillaries were then glued to the chips using a 2-component epoxy glue (Araldite Rapid, Huntman Advanced Materials), which also was used to mount the chips on was allowed to cure for at least 48 h under dry environment. In both designs, only one inlet was used, and the other was plugged by glue.
Results
Fracture measurements
The measured probability of fracture as a function of pressure for short-term measurements is shown as a Weibull plot in figure 2 . 
Modeling and stress estimation
Modeling of the stress for both designs
showed that large differences in stress are 
Fracture characterization
At fracture, the chips split apart forming two fracture surfaces, figure 9 . However, they found no indication that such coatings hindered the environmental crack growth.
Conclusions
The long-term reliability of the bonded microfluidic chips is dependent on both the applied stress and the temperature. By using pressures slightly less than the lower ones observed by the short-term measurement schemes, a reliability of 1 week can be sustained for systems operating at 11 to 38 °C. When the temperature was increased to 80 °C, the pressure had to be reduced by 
